The crystal structure of Cu-bearing zinkenite from Saint-Pons (Alpes Maritimes department, France), having idealized chemical composition Cu 0.7 Pb 9.7 Sb 21.3 S 42 , has been studied. It has a pronounced hexagonal sub-cell, with unit-cell parameters a = 22. 1219(11), c = 4.3207(3) 
Introduction
Zinkenite, ideally Pb 9 Sb 22 S 42 , is one of the most common species in the PbS-Sb 2 S 3 binary system [1] . Notwithstanding its widespread occurrence in antimony deposits and other various sulfide ores, its exact crystal structure is poorly understood.
Zinkenite was first reported to exhibit the unit-cell parameters a = 44.06, c = 8.60 Å, with possible space groups P6 3 /m or P6 3 and with a pronounced sub-cell with a′ = 22.03 and c′ = 4.30 Å [2] . The given chemical composition was Pb 6 Sb 14 S 27 (Z = 12), later supported by subsequent studies [3] .
A first model for the sub-cell structure was proposed in the space group P6 3 /m, assuming the composition PbSb 2 S 4 (Z = 10-10.5) [4] . A further contribution to the understanding of the crystal structure of zinkenite was given in two successive studies [5, 6] . Both revealed the presence of trigonal rods, similar to those occurring in several sulfosalts related to zinkenite [7, 8] . The space group P6 3 was proposed in both the studies, supported by a weak piezoelectricity shown by zinkenite [6] . A remarkable difference between the two refinements is related to the site occupancies of cation sites along the six-fold screw axis. Indeed, whereas one of the two studies reported a total occupancy of 0.74 Pb atoms [5] , the other [6] found the tunnels to be empty (although one of the authors of the latter study reported previously in her thesis [9] the occurrence of electron density maxima within the tunnels). A high-resolution transmission microscopy study [10] demonstrated that the cation sites along the six-fold screw axis are actually occupied. In addition, a ring of trigonal prisms around the 6 3 axis occurs, completing the structural framework. According to [5] , this site is statistically occupied by Pb and Sb, whereas it hosts only Sb according to [6] .
None of these refinements took into account the weak reflections doubling the 4.3 Å unit-cell parameter. An explanation of the occurrence of these superstructure reflections invoked the presence of a compositional segregation in zinkenite [6] , whereas other authors [11] proposed that the superstructure was due to configurational complexity. According to [10] , the real structure should be pseudo-orthorhombic, with unit-cell parameters 3 38, a a ′ = = b′ = 22.06, c′ = 8.6 Å. Notwithstanding the pseudo-orthorhombic geometry, the space group symmetry should be P1, as the 6 3 , 3, and 2 1 axes should be removed by the ordering process. As a consequence, a domain structure should result, since the orthorhombic cell may be chosen in three different orientations, with a′ parallel to [11 ̅ 0] , [210] , and [120] . The hexagonal symmetry is the result of the superposition of the diffraction patterns from the three possible domain orientations. The difficulties to model the crystal structure of zinkenite reflect the ambiguity to derive its actual chemical formula. The two previous structural studies indicated two different chemical formulae, i.e. Pb 6 Sb 14 S 27 [5] and Pb 9.6 Sb 20.4 S 42 [6] . The latter is not charge-balanced, showing 80.4 positive charges, and 84 negative ones, whereas the former was obtained by arbitrarily reducing the occupancy of one S position. A charge-balanced formula, Pb 9 Sb 22 S 42 , was proposed by [10, 12] . Moreover, since 1938 [2] , the occurrence of minor Cu has been reported in samples from several localities and the substitution mechanism Sb 3+ + □ → Pb 2+ + Cu + has been proposed, with Cu + filling an empty tetrahedral site close to the pseudo-hexagonal axis [12] .
OD phenomena were examined by [6] , who concluded that zinkenite could be properly described as a monoclinic superstructure with a = b = 44.24, c = 8.64 Å, γ = 120°. Disorder results from a micro-twinning of three types of fibrous domains, by a rotation of 60° around the c axis. Under the microscope, in polished section, zinkenite fibers generally present a perfect hexagonal section, and are homogeneous with crossed polars. Nevertheless, well-developed fibers of Cu-rich zinkenite from Saint-Pons (Alpes Maritimes department, France) appear heavily striated, without hexagonal morphology [12] . With crossed polars, sub-parallel sections show polysynthetic twinning parallel to the elongation, with three types of lamellae, while sub-perpendicular sections show a disordered organization. This agrees with the twin model proposed by [6] .
A first reexamination of the crystal structure of zinkenite (unpublished results of A. Meerschaut, with one of us, Y.M.) was performed some years ago. It permitted to confirm the localization of minor Cu as proposed by [12] , but the true superstructure could not be resolved. Here we report the description of the average crystal structure of Cu-bearing zinkenite from Saint-Pons and discuss its possible superstructure on the basis of single-crystal X-ray diffraction data.
Experimental and structure solution
Steel-gray crystals of zinkenite from Saint-Pons were used during this study. Quantitative chemical analysis was performed by electron microprobe in [12] , but only the Cu content and the Pb/Sb atomic ratio were given. Reexamination of the original data gives (wt% -mean of eight analyses): Cu 0.70 (11) The intensity data were collected using a crystal (size: 100 × 40 × 40 μm) with a Bruker Smart Breeze diffractometer equipped with an air-cooled CCD detector and graphite-monochromatized MoKα radiation. The detector-to-crystal distance was set at 50 mm. A total of 3012 frames was collected using ω and ϕ scan modes in Δϕ = 0.3° slices, with an exposure time of 25 s per frame. Data were corrected for Lorentz-polarization factors and absorption using the package of softwares APEX2 [13] .
Average structure
The unit-cell parameters of the sub-cell are a = 22.1219 (11) 
, space group P6 3 , Z = 1. The crystal structure was refined using SHELXL-2014 [14] starting from the atomic coordinates given in [5] . Scattering curves for neutral atoms were taken from the International Tables for Crystallography [15] . After several cycles of isotropic refinement, the R 1 converged to 0.135, thus indicating the correctness of the structural model. Racemic twinning was assumed, with a twin ratio of 0.49 (3) . With respect to the starting model, some atom positions (Pb4/Sb4, S1, and S2) were found to be split. In addition, the partially-occupied position of Cu has been located. The refinement confirms the occupancy of the sites along the six-fold screw axis, namely SbA and PbA ("A" standing for "axis"). Likely, these positions correspond to mixed Sb/Pb sites. In the refinement, their occupancy was refined using the scattering curves of Sb vs. in assessing the actual site occupancies at the PbA and SbA sites, affecting the Pb/Sb atomic ratio, as well as the too short Me-Me distances along the tunnels. Details of the data collection and refinement of the average structure are given in Table 1 , whereas atomic coordinates, site occupancy factors, and displacement parameters are reported in Table 2 .
Superstructure
Taking into account the weak superstructure reflections, a triclinic pseudo-orthorhombic cell was found, with unit-cell parameters a = 38.271 (2) , space group P1, Z = 4. This unit cell agrees with that proposed by [10] . The crystal structure was solved using SHELXS-97 [16] . After having located the heavier atoms, the crystal structure was completed with the addition of atoms found in successive differenceFourier maps. One hundred and twenty-four independent cation positions and 167 S positions were located in the unit cell of zinkenite. Only pure Pb, Sb, and S sites were found; some partially-filled Cu sites were detected in the difference-Fourier maps. The crystal structure was refined isotropically using SHELXL-2014 [14] , fixing the displacement parameters of some S sites. The crystal structure refinement converged to R 1 = 0.110 for 23704 reflections with F o > 4 σ(F o ) and 0.152 for all the reflections. The refined parameters were 1174. The chemical formula, as obtained by the crystal structure refinement, is Cu 0.44 Pb 9.82 Sb 20.98 S 41.75 (Z = 4). Unfortunately, although the relatively satisfying R factor, comparable to other R values in complex lead sulfosalts related to zinkenite [17] , there are some shortcomings: (i) owing to the complexity of the crystal structure, characterized by the occurrence of heavy atoms (Pb, Sb), and the relatively poor R value, the position of the S atoms could be scarcely accurate. This problem is exemplified by several Sb positions not showing the typical trigonal pyramidal coordination and having too short Sb-S distances (<2.20 Å); (ii) the isotropic displacement parameters of several S atoms should be fixed to a reasonable value (0.025 Å 2 ) because their free refinement lead to negative values; (iii) presence of high values in the correlation matrix; (iv) along the [001] tunnels four sub-positions occur, at too short Me-Me distances. They could be the result of the action of two twin laws, i.e. the racemic twin, introducing a mirror plane perpendicular to the pseudo-6 axis, and the pseudo-hexagonal twin of a pseudo-orthorhombic cell, introducing a c/2 translation; (v) only 167 independent S positions were located, whereas 168 S atoms have to be expected in the triclinic unit cell, i.e. 42 × 4.
In order to better model the twinning occurring in zinkenite, we then took into account the twin law which makes the twin lattice (L T ) hexagonal (twinning by metric merohedry, [18] and references therein) using the program JANA2006. For details on the averaging of equivalent reflections for twins in JANA, see for instance the appendix in [19] . Once again, the structure refinement was initiated in the pseudo-orthorhombic supercell. Given the large number of atoms in the starting structural model obtained with SHELX (more than 300), the site-occupancy refinement of most of the metal positions, and the use of anisotropic atomic displacement parameters for all the atoms, a severe damping factor (<0.1) was used in the full-matrix refinement and some restrictions among the symmetry-related S atoms in the average cell were set. Yet, a realistic, ordered solution could not be found, possibly because of the close to 1/3 twin volume ratios (related to the hypothesized three-fold axis due to the twinning) and high correlations between positions and/or atomic displacement parameters. After several cycles, an ordered solution with full site occupations could finally be found by carefully removing atoms with low site occupancies and/or non-realistic distances with neighboring atoms and adding significant positions found in the differenceFourier syntheses. At this point, the structure could be smoothly refined without any damping factor or restrictions. The residual value converged to R = 0.059 for 22563 observed reflections [2σ(I) level], including all the collected reflections in the refinement. At the final stages, a careful analysis of the difference Fourier synthesis maps suggested that beside the symmetry elements induced by the first-degree twin already taken into account, an additional twin law with a two-fold axis, perpendicular to the previous three-fold axis, as a generator twin element (thus leading to a second-degree twin) should be added. The introduction of only three new parameters (the new twin volume ratios) dramatically lowered the R value to 0.038, although the new domains being rather small in size [1.36(5)%, 0.61(5)%, and 3.09(5)%]. Details of the data collection and refinement of the supercell structure are given in Table 3 . Atom coordinates and displacement parameters can be found in the deposited CIF, available as Supplementary Material.
Results and discussion
Cation coordinations and site occupancies in the average structure
The general features of the average crystal structure of zinkenite have been previously described in [5] . The unitcell content is represented by seven independent cation positions and seven S sites (Figure 1) . Among cation sites, there are one pure Pb site, three pure Sb positions, one mixed and split (Pb/Sb) position, two partially occupied Pb and Sb sites along the six-fold screw axis, and one partially filled Cu position. Among the S sites, two of them are split (S1 and S2).
Lead is hosted in a bicapped trigonal prism at the Pb1 site. Bond distances range between 2.910(8) and 3.322(6) Å, with average bond distance 3.141 Å. The corresponding bond-valence sum (BVS), calculated using the bond parameters given by [20] , is 1.73 valence unit (v.u.).
The three pure Sb atoms, i.e. Sb1, Sb2, and Sb3, display a three-fold coordination, with three Sb-S distances shorter than 2.70 Å. Sb1 and Sb2, having the typical trigonal pyramidal coordination, are bonded to the split S2 position [S2a 0.65(2) S2b 0.35(2) ] and consequently two slightly different configurations occur. Taking into account the shortest (=the strongest) bond distances (Sb-S < 2.70 Å), Sb1 and Sb2 have average bond distances 2.545 and 2.534 Å, respectively, when bonded to S2a, and 2.497 and 2.556 Å when bonded to S2b. Sb3 has an average bond distance of 2.498 Å. This site has not the typical trigonal pyramidal coordination shown by Sb 3+ atoms, as the short bonds Sb3-S3 and Sb3-S5 are in opposite directions, with an S3-Sb3-S5 angle of 174°. Likely, this could be an artifact related to the average nature of the refined structure. The coordination sphere of Sb atoms is completed by three longer bonds. Two of them are in the range between 2.70 and 3.20 Å, whereas the third one is at longer distance. The corresponding BVS are the following (the two values for Sb1 and Sb2 are related to the bonding to S2a or S2b, respectively): Sb1 2.87/3.10, Sb2 3.11/2.89, and Sb3 3.03 v.u.
The mixed and split Pb4/Sb4 pair has s.o.f. Pb 0.49(1) Sb 0.51 (1) . The Pb4 sub-position has a bicapped trigonal prismatic coordination. Likely, its occupation is correlated to the occupancy at the split S1a sub-position, in order to avoid too short Pb-S contacts [i.e. Pb4-S1b = 2.522(15) and 2.569(10)]; similarly, when the sub-position Sb4 is occupied, the S atom is hosted at the S1b sub-site. In this way, two Sb-S are shorter than 2.70 Å, whereas the third one is at 2.78 Å or 2.86 Å. This hypothesis agrees with the s.o.f at S1a/S1b, refining to 0.48(2)/0.52 (2) . The calculated BVS at Pb4 and Sb4 sub-positions, assuming a full-occupancy, are 2.11 v.u. for Pb4 and 2.83 or 2.86 v.u for Sb4, taking into account the bonding with S2a or S2b, respectively.
Copper has been located in tetrahedral coordination, with Cu-S distances ranging between 2.27(3) and 2.55(8) Å. Average Cu-S distance is 2.42 Å and the calculated BVS of 0.94 v.u. Such a coordination is typical of Cu in several lead-antimony sulfosalts, e.g. nuffieldite [21] , meneghinite [22, 23] or rouxelite [24] . The refined s.o.f. is 0.10(1), corresponding to 0.59 apfu (Z = 1).
The two partially-occupied PbA and SbA sites occurring on the 6 3 axis have been refined as Pb-and Sb-centered sites. Both positions are characterized by three short Me-S bonds (PbA-S1a = 2.40(1) Å; SbA-S1a = 2.48(1) Å) and three longer ones (SbA-S1a = 3.00 Å; PbA-S1a = 2.78 Å). S1b is at a definitely longer distance from both sites, ranging from 3.05 to 3.57 Å for PbA and 3.13 and 3.34 Å for SbA. If some Pb occurs within the [0001] tunnel, it could be likely hosted at the PbA position.
Modular analysis of the structure
The crystal structure of zinkenite is an example of the so-called "cyclically twinned sulfosalts" [7] . This mineral belongs to the zinkenite homologous series and it represents the N = 3 homologue [7] .
Following the general principles of modular analysis, the crystal structure of zinkenite can be described on the basis of the general approach developed in [25] for sulfosalts with rod-based structures related to SnS or PbS archetype. As shown in Figure 2 , only one kind of rod can be distinguished, organized around the six-fold screw axes. The rod is formed by two two-atom-thick ribbons of the PbS archetype. The interspace between the two ribbons is occupied by the so-called lone electron-pair micelles [11] . Walls formed by six columns of edge-sharing bicapped trigonal prisms hosting Sb and Pb (with s.o.f. 3− group should be present. Minor Cu occurs in the tetrahedral voids between the rods and the walls of bicapped trigonal prisms. The unit-cell chemical formula of zinkenite (neglecting minor Cu) can be obtained by combining three rods with one wall of prisms and one site hosted along the tunnel, i.e. . In order to achieve the electrostatic neutrality, the tunnel along the 6 3 screw axis should host Sb, in agreement with [12] , at the partially-occupied SbA and PbA sites, giving the composition [SbS 6 ] 9− . Since the studied sample contains ca. 0.5 Cu atoms per formula unit and since no significant deviations from a Pb/Sb atomic ratio close to 1 at the split Pb4/Sb4 site was observed, it implies that the charge excess at the trigonal rods, i. 
Towards the understanding of the real crystal structure
Several Pb-Sb sulfosalts display a pronounced ~4 Å subcell, originating a set of strong X-ray diffraction effects, and an 8 Å real cell, originating weaker superstructure reflections. In some cases, the superstructure reflections could have an incommensurate nature [23] . The occurrence of superstructure reflections is usually related to modifications of the 4 Å structure, due to chemical substitutions, occupation of different positions in coordination polyhedra, or to the occurrence of vacancies. Some authors evaluated the loss of information between the sub-cell structure and the real structure of some Pb-Sb sulfosalts [26, 27] , stressing that the sub-cell suggests the main structural features, but it does not allow an accurate examination of coordination and site occupancy at Sb and mixed (Pb/Sb) positions. For instance, some mixed and sometimes split (Pb/Sb) positions in the 4 Å structure could correspond to the regular alternation, in the superstructure, of pure Pb and Sb sites. In other cases, the resolution of the 8 Å superstructure always indicate mixed (Pb/Sb) sites, with the alternation of sites having different (Pb:Sb) atomic ratios.
The structural model obtained taking into account the weak superstructure reflections doubling the 4.3 Å axis of zinkenite agrees with the hypothesis given in [10] . The real crystal structure of zinkenite is triclinic, P1, with a pseudo-orthorhombic geometry. The too short Me-Me distances observed in the [001] tunnel are the result of the different twin laws affecting zinkenite.
Assuming the occurrence of six twin components (Figure 4) , the main structural features of the 8 Å crystal structure of zinkenite can be described, even if, notwithstanding the very low R value, some shortcomings still occur. Consequently, the details of the 8 Å crystal structure cannot be discussed and require further investigations on crystals showing a better diffraction quality. However, new hints on the actual structural arrangement of zinkenite are made available.
Taking into account the organization of the crystal structure around pseudo-trigonal rods delimited by lone electron-pair micelles, four independent rods can be identified. Two distinct pseudo-hexagonal tunnels are present. Each rod core is formed by six independent Pbcentered bicapped trigonal prisms, arranged around the pseudo-trigonal axis. Their BVS ranges between 1.63 and 2.10 v.u., in quite good agreement with the theoretical value (2 v.u.). The lone electron-pair micelles are flanked by sites usually hosting Sb atoms, the only exception being represented by one site (labeled M208, see deposited CIF) where Pb could be hosted. Unfortunately, the coordination of these Sb atoms as well as their bond distances are not well-resolved in the refined crystal structure, resulting in too short or too long Sb-S distances. These problems are reflected in the wide scattering of BVS values, ranging from ~1.6 v.u. to ~4.4 v.u.. This could be likely the result of the inaccurate location of the lighter S atoms and the difficulty in modeling the two enantiomorphic components around the screw axis occurring in the average structure. In the average crystal structure of zinkenite, the vertices of the trigonal rods are represented by a mixed and split (Pb/ Sb) position, with a Pb to Sb atomic ratio close to 1. As discussed above, a similar configuration could be the effect of the occurrence, in the real structure, of an alternation of pure Pb and Sb sites as well as the presence of columns of pure Sb and Pb atoms, respectively, in a 1:1 ratio, or to the presence of mixed (Pb/Sb) positions with different site occupancies. Even if the structural data are not good enough to propose an accurate model, the examination of the bond distances, the BVS, and the displacement parameters suggest the correctness of a model showing the alternation, along c, of Pb and Sb pure sites.
The understanding of the twin laws allowed to remove the too short Me-Me distances between cation sites hosted along the pseudo-six-fold axes. According to the average structure, the tunnel sites could be pure Sb or mixed (Pb/Sb) positions. In the refined model, within both tunnels an alternation of Pb and Sb atoms occur, even if in one Pb site (namely T1Pb, see deposited CIF) minor Sb could be present. An interesting issue is related to the total number of S atoms coordinating these sites. Indeed, with respect to the average structure, the real one indicates a different bonding environment for the two symmetry-independent tunnels, with the first one showing a ring of 12 S atoms and the second one having 11 S atoms only. Moreover, the former could have an additional S atom along the tunnels (labeled S13 in the deposited CIF). Its actual occurrence has to be discussed. Indeed, this S atom is at a short distance both from an Sb-or Pb-centered site [2.16(1) Å], increasing the BVS at that position to a too high value. On the other side, its removal from the structural model slightly increases the R 1 value (from 0.0385 to 0.0399), giving rise to a maximum of ca. 6 e Å −3 . Owing to the quality of the available data, the uncertainty on the true number of S atoms in the real structure of zinkenite remains.
Five tetrahedral positions hosting Cu have been located in the real structure, showing a three-to four-fold coordination. They alternate with tetrahedral vacancies along c. Likely, additional partially filled Cu sites occur but they could not have been located in the differenceFourier maps.
The chemical formula of zinkenite, derived from the crystallographic study, is Cu 0.38 Pb 9.5 Sb 21.5 S 42 (Z = 4), assuming the occupancy of the S13 site.
Conclusion
The refinement of the average crystal structure of Cu-bearing zinkenite allows the accurate location of Cu atoms, within a partially occupied tetrahedral position. The Cu coordination is similar to those occurring in other leadantimony sulfosalts; owing to its partial occupancy, a modulation along c related to the possible long-range Cu distribution could be possible, in agreement with previous studies on meneghinite [23] .
Even if the solution of the real crystal structure of zinkenite has still to be improved, through the finding of crystals showing a better diffraction quality, it becomes apparent that the triclinic model proposed by [10] seems to be the correct one. This study highlights the possible occurrence of S vacancies, related to the uncertainties in the true number of S atoms in the 8 Å crystal structure, i.e. 167 vs. 168 S atoms. The occurrence of S vacancies could be related to the substitution rule 2Pb In conclusion, zinkenite is a masterpiece of structural complexity, where the widespread twinning, the enantiomorphic nature of the Sb m S n "polymers", the chemical variability, and the possible incommensurate modulation of the Cu distribution along c, that would be intimately connected with modulation in ratios of Pb and Sb atoms, make difficult the deciphering of its actual structural arrangement. It appears necessary to search for wellordered crystals, especially among Cu-free samples.
